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We present a measurem ent of the Z 7 production cross section and limits on anomalous Z Z 7 
and Z yy  couplings for form-factor scales of A =  750 and 1000 GeV. The measurem ent is based 
on 138 (152) candidate events in the ee7 ( ^ 7 ) final sta te  using 320 (290) p b _1 of pp  collisions at 
=  1.96 TeV. The 95% C.L. lim its on real and imaginary parts  of individual anomalous couplings 
are |h f0,301 <  0.23, |h f0,401 <  0.020, |h j0 301 <  0.23, and |hY0 401 <  0.019 for A =  1000 GeV.
PACS num bers: 12.15.Ji, 13.40.Em, 13.85.Qk
S tud ies o f events con ta in ing  p a irs  o f vec to r bosons p ro ­
vide im p o r ta n t te s ts  o f th e  s ta n d a rd  m odel (SM ) of elec- 
trow eak  in te rac tio n s. In  th e  SM, th e  tr ilin e a r  gauge cou­
plings of th e  Z  boson  to  th e  p h o to n  are  zero; th e re ­
fore, p h o to n s  do n o t in te ra c t w ith  Z  bosons a t  lowest 
o rder. E v idence for such an  in te ra c tio n  w ould in d ica te  
new  physics [1, 2].
S tud ies o f Z  boson  an d  p h o to n  p ro d u c tio n  have been
4m ade b y  th e  C D F  [3] an d  D 0  [4] co llab o ra tio n s using  p p  
collisions, an d  by  th e  D E L P H I [5], L3 [6], an d  O PA L [7] 
co llab o ra tio n s using  e+ e -  collisions. W e p resen t a new  
s tu d y  of Z y  p ro d u c tio n  using  Z  boson  decays to  e + e -  
an d  u + u - , w here th e  d ilep to n  sy stem  can  be p ro d u ced  
by  e ith e r an  on-shell Z  boson , o r a v ir tu a l Z  boson  or y 
(th e  D rell-Y an process). T h e  d ilep to n  p lus p h o to n  final 
s ta te , l + l - y , can  be p ro d u ced  in  th e  SM th ro u g h  e ith er 
o f tw o processes. T h e  p h o to n  m ay  be em itte d  th ro u g h  
in itia l s ta te  ra d ia tio n  (ISR ) from  one of th e  p a r to n s  in 
th e  p  or p , o r p ro d u ced  as final s ta te  ra d ia tio n  (FSR ) 
from  one of th e  final s ta te  lep tons. W e collectively  refer 
to  these  processes as Z y  p ro d u ctio n .
T h e  SM  Z y  processes p ro d u ce  p h o to n s  w ith  a rap id ly  
falling tran sv e rse  energy, E j . In  co n tra s t, anom alous 
Z Z y  an d  Z y y  couplings, w hich a p p e a r  in  ex tensions 
o f th e  SM, can  cause p ro d u c tio n  of p h o to n s  w ith  h igh  
E j  a n d  can  increase th e  l + l - Y cross section  com pared  
to  th e  SM pred ic tion . Below  we describe a search  
for th is  anom alous p ro d u c tio n  w ith in  th e  fram ew ork of 
Ref. [8]. T h is fo rm alism  assum es on ly  th a t  th e  Z V y  
( V = Z , y) couplings a re  L oren tz- an d  gauge-invarian t. 
T h e  m ost general Z V y  coupling  is p a ra m e te rize d  by  tw o 
C P -v io la tin g  (h ]  an d  h ] ) an d  tw o C P -conserv ing  (h ^  
an d  h V) com plex coupling  p a ra m e te rs . P a r tia l wave uni- 
ta r i ty  is en su red  a t  h igh  energies by  using  a fo rm -fac to r 
an sa tz  h f  =  ^ ¿ o /( l +  s / A 2)ni (i =  1 ,..., 4), w here %/! 
is th e  p a r to n  cen ter-of-m ass energy, A is th e  form -factor 
scale, an d  n* is th e  form  fac to r pow er. W e se t th e  form  
fac to r pow ers n i  =  n 3 =  3 an d  n 2 =  n 4 =  4, in  accor­
dance  w ith  [8].
T h e  d a ta  a re  collected  by  th e  D 0  R u n  II d e tec to r  a t 
th e  F erm ilab  T eva tron  C ollider w ith  p p  cen ter-of-m ass 
energy  a /s  =  1.96 TeV  betw een  A pril 2002 an d  Ju n e  
2004. T h e  in te g ra te d  lum inosities used  for th is  ana ly ­
sis a re  320 p b -1  for th e  e lec tro n  final s ta te  an d  290 p b -1  
for th e  m uon  final s ta te .
T h e  D 0  d e tec to r  [9] consists o f an  inner track er, su r­
ro u n d ed  by  liq u id -a rg o n /u ra n iu m  ca lo rim eters, an d  a 
m uon  sp ec tro m e te r. T h e  d e tec to r  sub -system s provide 
m easu rem en ts  over th e  full ran g e  of az im u th a l angle ^  
an d  over different, overlapp ing  reg ions of d e tec to r  pseu­
d o ra p id ity  n. T h e  inner trac k er consists o f a silicon m i­
c ro s tr ip  trac k e r  (SM T) an d  a cen tra l fiber trac k e r (C F T ), 
b o th  lo c a te d  w ith in  a 2 T  su p e rco n d u c tin g  solenoidal 
m ag n et. T h e  C F T  a n d  th e  SM T have coverage o u t to  
|n| <  1.8 an d  |n| ~  3.0, respectively . T h e  ca lo rim eter 
is d iv ided  in to  a cen tra l ca lo rim eter (C C ) |n| <  1.1 an d  
tw o en d  ca lo rim eters (EC ) housed  in  se p a ra te  c ry o s ta ts  
w hich ex ten d  coverage to  |n| ~  4. T h e  ca lo rim eters are 
lo n g itu d in a lly  segm en ted  in to  e lec trom agne tic  (EM ) an d  
had ro n ic  sections. T h e  m uon  system  lies o u ts id e  th e  
ca lo rim eters  an d  consists o f trac k in g  d e tec to rs , sc in til­
la tio n  tr ig g e r coun ters, an d  a 1.8 T  to ro id  m ag n et. I t 
has  coverage u p  to  |n| ~  2.0. L um inosity  is m easu red  us­
ing  p la s tic  sc in tilla to r a rray s  lo ca ted  in  fron t of th e  E C
cry o sta ts , covering 2.7 <  |n| <  4.4.
T h e  d a ta  a re  co llected  w ith  a th ree-level tr ig g e r sys­
te m  (L1, L2, an d  L3). W e requ ire  th a t  th e  events in  th e  
elec tron  decay  channel sa tisfy  one of th e  h ig h -E T sin­
gle elec tron  triggers, w hile th e  events in  th e  m uon  decay  
channel m u st fire one of th e  h igh-pT single or d im uon  
triggers. T h e  single e lec tron  tr ig g e rs  requ ire  a signifi­
c a n t am o u n t o f energy  d ep o sited  in  th e  E M  section  of 
th e  ca lo rim eter a t  L1. A t L3, ad d itio n a l requ irem en ts  
a re  im posed  on th e  frac tion  of energy  d ep o sited  in  th e  
E M  ca lo rim e ter an d  th e  sh ap e  of th e  energy  deposition . 
T h e  efficiency of th e  e lec tro n  tr ig g e r req u irem en t is a b o u t 
80% for an  e lec tron  w ith  E T ~  25 G eV  an d  m ore th a n  
98% for E t  >  30 GeV. T h e  m uon trig g e r requ ires h its  in 
th e  m uon system  sc in tilla to r  a t  L1, an d  in  p o rtio n s  of th e  
d a ta  se t also requ ires sp a tia lly -m atch ed  h its  in  th e  m uon 
trac k in g  d e tec to rs . A t L2, m uon  tra c k  segm ents a re  re­
co n s tru c te d  an d  p T req u irem en ts  are im posed. A t L3, 
som e of th e  tr ig g e rs  used  in  th is  analysis requ ire  m uon 
c a n d id a te  events to  have a h igh-pT tra c k  rec o n stru c te d  
in  th e  inner track er. T h e  logical O R  of single an d  d im uon  
trig g ers  has  an  efficiency of 92% for m uons from  Z  boson  
decay.
E lec tro n s a re  rec o n stru c te d  as c lu ste rs o f energy  in  th e  
ca lo rim eter. T hese c lu ste rs  a re  req u ired  to  have 90% of 
th e ir  energy  d ep o sited  in  th e  E M  ca lo rim e ter (in e ith e r 
th e  cen tra l ca lo rim eter |n| <  1.1, o r th e  end  ca lo rim eter
1.5 <  |n| <  2.5). W e requ ire  th a t  th e  lo n g itu d in a l an d  
tran sv e rse  show er sh ap e  of th e  c lu ste r is consis ten t w ith  
th a t  ex p ected  from  an  e lectron , an d  th a t  th e  c lu ste r is 
iso la ted  from  o th e r  a c tiv ity  in  th e  ca lo rim eter. E lec tro n  
ca n d id a te s  in  th e  cen tra l ca lo rim e ter a re  req u ired  to  have 
sp a tia lly  m a tch ed  track s. A t least one e lec tron  can d id a te  
m u st b e  iden tified  in  th e  CC region an d  a t  least one is 
req u ired  to  have p T >  25 G eV /c . M uons are  identified  
by  a cen tra l tra c k  m a tch e d  to  segm ents in  th e  m uon sys­
tem . T h e  m uon  m u st be w ith in  |n| <  2.0. To reduce 
p o te n tia l co n tam in a tio n  from  h ad ro n ic  bb even ts, we im ­
pose iso la tion  req u irem en ts  on  th e  m uon  ca n d id a tes  in 
b o th  th e  ca lo rim eter an d  ce n tra l track er. To rem ove th e  
back g ro u n d  from  cosm ic ray  m uons, m uon  trac k s  m ust 
o rig in a te  from  th e  b eam  reg ion  an d  n o t be back-to -back . 
Z  boson  ca n d id a te s  a re  rec o n stru c te d  by  requ iring  a pa ir 
of h igh-pT (pT >  15 G eV /c ) e lec trons or m uons th a t  form  
an  in v a rian t m ass above 30 G e V /c 2.
In  a d d itio n  to  a Z  boson  ca n d id a te , we requ ire  events 
to  have a p h o to n  can d id a te , w ith  a se p a ra tio n  from  b o th  
of th e  lep tons of ATZ =  \/{4>e — 4>-y)2 +  {le — V-j)2 > 0 .7  
an d  w ith  E j  >  8 G eV. P h o to n s  a re  rec o n stru c te d  as en­
ergy  c lu ste rs  in  th e  ce n tra l ca lo rim eter. T h e  tran sv e rse  
show er sh ap e  of th e  c lu ste r m ust b e  consisten t w ith  th a t  
ex p ected  from  a p h o to n . W e also requ ire  a p h o to n  can ­
d id a te  to  deposit a t  leas t 90% of its  energy  in  th e  EM  
ca lo rim eter an d  to  be iso la ted  from  o th e r  ac tiv ity  in  th e  
ca lo rim eter an d  th e  tracker.
M uon an d  e lec tron  d e tec tio n  efficiencies for th e  above
5req u irem en ts  a re  d e te rm in ed  using  a sam ple of Z  ^  11 
events. In  th e  e lec tron  channel th e  com bined  trig g e r an d  
rec o n stru c tio n  efficiency is m easu red  to  be (73 ±  4)% . In  
th e  m uon  channel i t  is m easu red  to  be (81 ±  4)% . T he 
p h o to n  iden tifica tion  efficiency is m easu red  as a function  
o f ET  using  a  M onte C arlo  s im ulation . A sy stem a tic  
u n c e r ta in ty  of 4% is assessed from  th e  difference betw een  
th e  s im u la ted  e lec trons an d  elec tron  ca n d id a tes  in  Z  ^  
ee d a ta , an d  th e  difference betw een  s im u la ted  electrons 
an d  pho tons. T h e  p h o to n  iden tifica tion  efficiency is E T- 
d ep e n d en t an d  rises from  a b o u t 75% a t  8 G eV  to  a b o u t 
90% above 27 GeV.
B ackg rounds from  processes w here th e  p h o to n  is real 
an d  one or b o th  of th e  lep tons a re  m isiden tified  are found
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to  be negligible. C o n trib u tio n s  from  Z (- ")7 events
w ith  lep ton ic  decays of th e  ta u  are less th a n  1% of th e  
sam ple. T h e  on ly  sign ifican t source of back g ro u n d  to  
Z y  p ro d u c tio n  is from  Z  + je ts  p rocesses in  w hich a je t  
is m isiden tified  as a p h o to n . W e e s tim a te  th e  Z  + je ts  
b ack g ro u n d  by  folding th e  je t-E T sp e c tru m  in  Z  + je ts  
events w ith  th e  p ro b ab ility  for a je t  to  be m isidentified  
as a p h o to n . T h e  p ro b ab ility  is m easu red  as a  function  
o f th e  p h o to n  c a n d id a te ’s E T using  a sam ple  of events 
d o m in a te d  by  Q C D  m u ltije t processes. W e co rrec t th e  
m isiden tifica tion  p ro b ab ility  for d irec t p h o to n  p ro d u c­
tio n  (Y + jets) by  f ittin g  th e  p h o to n  c a n d id a te  E T d is tri­
b u tio n  to  th e  functional form  derived  in  [10]. F or low 
E t  (E t  <  75 G eV ) th is  co n trib u tio n  is m easu red  to  be 
9%, an d  we ta k e  th is  nu m b er as a sy stem a tic  u n certa in ty . 
T h e  m isiden tifica tion  p ro b ab ility  is a b o u t 5 x 1 0 -3  an d  
decreases w ith  E T .
W e use an  event g en e ra to r  em ploying lead ing  o rder 
(LO ) Q C D  ca lcu la tio n s w ith  a d e tec to r  s im u la tion  tu n e d  
w ith  Z  boson  c a n d id a te  events to  ca lcu la te  th e  accep­
tan ces for th e  d a ta  an d  ex p ected  ra te s  from  b o th  th e  
SM an d  anom alous Z y  p ro d u c tio n s  [8]. W e use th e  
C T E Q 6L [11] p a r to n  d is tr ib u tio n  function  (P D F ) set. 
W e e s tim a te  th e  u n c e r ta in ty  due to  P D F  choice using  th e  
p resc rip tio n  in  [12] to  be 3.3%. U sing a N LO  Z y  M onte 
C arlo  [13] g en e ra to r, we ca lcu la te  an  E j- d e p e n d e n t K - 
fac to r to  p a ra m e te rize  th e  effect o f E j-d e p e n d e n t NLO 
co rrec tions in  th e  LO  M onte C arlo  sam ple. T h e  u n ­
c e r ta in ty  due to  th e  choice of K -fa c to r  (flat vs. E j - 
d ep en d en t) is found to  be negligible.
W e observe 138 events in  th e  e lec tro n  channel, to  be 
co m p ared  to  th e  SM e s tim a te  of 95.3 ±  4.9 e+ e - Y events 
an d  23.6 ±  2.3 back g ro u n d  events. In  th e  m uon channel, 
we observe 152 events vs. an  e s tim a ted  126.0 ±  7.8 SM 
U+U- Y events a n d  22.4 ±  3.0 back g ro u n d  events. T he 
u n c e r ta in ty  in  th e  SM signal is d o m in a te d  by  th e  un ce r­
ta in ty  in  th e  le p to n  an d  p h o to n  rec o n stru c tio n  efficien­
cies, an d  th a t  in  th e  back g ro u n d  e s tim a tio n  is d o m in a te d  
by  th e  u n c e r ta in ty  in  th e  je t  m isiden tifica tion  p robability .
T h e  E t  sp e c tru m  for p h o to n  ca n d id a te s  is show n in 
F ig . 1 w ith  th e  e s tim a tio n  of th e  to ta l  SM p red ic tio n  
an d  its  Q C D  back g ro u n d  com ponen t overlaid . T h e  high-
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FIG. 1: Photon candidate E T spectrum  for I I 7 d a ta  (solid 
circles), QCD m ultijet background (shaded histogram), and 
the standard  model plus background (histogram). The shaded 
band is the system atic uncertainty on the SM plus back­
ground. The M onte Carlo distribution is normalized to  the 
luminosity.
est tran sv e rse  energy  p h o to n  in  th e  e lec tron  channel is 
105 G eV, w hile th e  h ighest tran sv e rse  energy  p h o to n  in 
th e  m uon channel is 166 GeV . In  F ig. 2 we p lo t th e  th ree - 
b o d y  m ass (M 11y) ag a in s t th e  d ilep to n  m ass ( M u )  for 
each  event in  th e  d a ta . T h e  IS R  events w ith  a  dilep- 
to n  system  p ro d u ced  by  an  on-shell Z  boson  p o p u la te  
a  v ertica l b a n d  a t  M u  a ro u n d  Z  boson  m ass, M Z , an d  
M u y >  M Z . T h e  on-shell Z  boson  F S R  events clus­
te r  along  a ho rizo n ta l b a n d  a t  M 11y =  M Z an d  have 
M u  <  M Z . T h e  D rell-Y an events p o p u la te  th e  d iagonal 
b a n d  w ith  M u  «  M 11y ex ten d in g  from  th e  lower left to  
th e  u p p e r r ig h t co rner o f th e  p lo t.
For events sa tisfy ing  A R 1y >  0.7, E j  >  8 G eV, an d  
M u  >  30 G e V /c 2, th e  com bined  cross section  is m ea­
su red  to  be 4.2 ±  0.4 ( s ta t+ s y s )± 0 .3  (lum ) pb , w here 
th e  first u n c e r ta in ty  includes c o n trib u tio n s  from  s ta tis ­
tics a n d  all sy stem a tic  effects excep t th e  lum inosity , an d  
th e  second is du e  to  th e  lum in o sity  m easu rem en t un ce r­
ta in ty  [14]. T h is value is in  ag reem en t w ith  th e  expected  
value of 3 .9 -0  2 p b  from  N LO  th e o ry  ca lcu la tions [13].
G iven th e  se p a ra tio n  ex h ib ited  in  F ig. 2, we can  m ea­
su re  a cross section  of IS R -enhanced  Z y  p ro d u c tio n . 
B y  m in im izing  th e  effect o f final s ta te  rad ia tio n , any  
anom alous c o n trib u tio n s  from  a tr ilin ea r  boson  v ertex  
w ould  becom e m ore ap p a re n t. B y  req u irin g  th e  dilep- 
to n  m ass an d  th e  th ree -b o d y  m ass to  exceed 65 G e V /c 2 
an d  100 G e V /c 2, respectively , (along w ith  all p rev i­
ous req u irem en ts), th e  SM M onte C arlo  s im u la tio n  in-
+
6FIG. 2: D ilepton+photon vs. dilepton mass of Z 7 candi­
date events. Candidates in the electron channel are shown 
as em pty circles, while the muon mode candidates are shown 
as stars.
d ica tes  th a t  80% of th e  rem ain in g  events a re  due to  in i­
tia l s ta te  ra d ia tio n . For th is  re s tr ic te d  sam ple  we ob­
serve 55 an d  62 events in  th e  e lec tron  an d  m uon  ch an ­
nels, respectively. T h e  cross section  is m easu red  to  be 
1.07 ±  0 .1 5 (s ta t+ sy s )  ±  0 .07(lum ) pb, in  ag reem en t w ith  
th e  expected  0.94-0.05 p b  [13].
G iven th e  good  ag reem en t observed  betw een  th e  d a ta  
an d  th e  SM p red ic tion , we e x tra c t lim its  on  anom alous 
couplings. W e g en e ra te  M onte C arlo  events in  a tw o­
d im ensional g rid  of C P -v io la tin g  anom alous couplings 
(h}[0 an d  h ^ )  an d  do th e  sam e for C P -conserv ing  ( h ^  
an d  h ^ )  anom alous couplings. W e ca lcu la te  th e  like­
lihood  of th e  ag reem en t betw een  th e  E j  d is tr ib u tio n  in 
d a ta  to  th e  e s tim a ted  back g ro u n d  an d  M onte C arlo  sim u­
la tio n  for each  p o in t o f th e  grid . A ssum ing P oisson  s ta t is ­
tics for th e  d a ta  an d  G au ss ian  sy s tem a tic  u n ce rta in ties , 
we e x tra c t th e  95% C.L. lim its  on  each  of th e  anom alous 
couplings w hile assum ing  th e  o th e rs  a re  zero. T h e  lim its 
on  C P -v io la tin g  an d  C P -conserv ing  anom alous couplings 
a re  n ea rly  iden tical. W e also find th e  lim its  on  rea l an d  
im ag in a ry  p a r ts  of th e  couplings to  be sim ilar as well. 
W e p resen t th e  lim its  on  b o th  rea l an d  im ag in a ry  p a r ts  
o f th e  C P -conserv ing  an d  C P -v io la tin g  couplings in  T a­
ble I . T h e  tw o-d im ensional lim it co n to u rs  on  ind iv idual 
C P -conserv ing  couplings a re  show n in  F ig. 3 .
In  conclusion, we have s tu d ied  a sam ple  of 290 I I 7 
events, co n sis ten t w ith  Z 7  p ro d u c tio n . T h is sam ­
ple exceeds th a t  p rev iously  co llected  b y  D 0  by  an  
o rd er of m ag n itu d e . T h is  is due to  th ree  tim es
TABLE I: Summary of the 95% C.L. limits on the anom a­
lous couplings. Limits are set by allowing only the real or 
imaginary p art of one coupling to  vary; all others are fixed 
to  their standard  model values. As indicated, we find limits 
on CP-conserving and CP-violating param eters to  be nearly 
identical. We also find th a t nearly identical limits apply to 
the real or imaginary parts of all couplings.
l ^ e (h 10,30) 
l ^ e (h fc>,40 ) 
|^ e(h 10,30 )
|Ke (fcï )
Coupling A =  750 GeV A =  1 TeV
|3 'm (h10,30 ) 
|9 m  (h20,40)
l(h 10,3
|9 m  (h20,40)
0.24
0.027
0.29
0.030
0.23
0.020
0.23
0.019
m ore in te g ra te d  lum inosity , an  increased  p ro d u c tio n  
cross section  asso c ia ted  w ith  th e  10% h igher cen ter- 
of-m ass energy, an d  significant im provem ents in  p a r ­
tic le  d e tec tio n  efficiency achieved w ith  th e  D 0  R u n  
II u pg rade . T h e  I I 7  cross section  is m easu red  to  
be 4.2 ±  0 .4 (s ta t+ sy s t)  ±  0 .3(lum ) pb. A fter ad d i­
tio n a l selection  requ irem en ts, m ost o f th e  final s ta te  
ra d ia tio n  is rem oved, leav ing  th e  sam ple  d o m in a ted  
by  in itia l s ta te  rad ia tio n . T h e  cross section  for 
th is  IS R -enhanced  Z 7  p ro d u c tio n  us m easu red  to  be 
1.07 ±  0 .1 5 (s ta t+ sy s t)  ±  0 .07(lum ) pb . T hese  values 
a re  co n sis ten t w ith  th e  SM ex p ecta tio n s. W e observe 
no significant d ev ia tio n  from  th e  SM ex p e c ta tio n  in  th e  
to ta l  cross section  or p h o to n  E T d is trib u tio n , an d  th u s  
e x tra c t lim its  on  anom alous Z 7  couplings. T h e  one di­
m ensional lim its  a t  95% C .L . for b o th  C P -conserv ing  an d  
C P -v io la tin g  couplings (b o th  rea l an d  im ag in a ry  p a rts )  
a re  |h f0 30| <  0.23, |h f0 40| <  0.020, |h10 301 <  0.23, an d  
|h'Y0 401 <  0.019 for A =  1 TeV. T hese lim its  a re  su b s ta n ­
tia lly  m ore res tr ic tiv e  th a n  p rev ious resu lts  w hich have 
been  p resen ted  using  th is  form alism  [4]. T h e  lim its  on
h-20 an d  are m ore th a n  tw ice as res tr ic tiv e  as th e  
com bined  resu lts  o f th e  four L E P  ex perim en ts  [15].
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FIG. 3: The 95% C.L. two-dimensional exclusion limits for 
CP-conserving Z Z 7 (a) and Z 77 (b) couplings for A =  1 TeV. 
Dashed lines illustrate the un itarity  constraints.
